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Vascular prosthesisThe optimal bio-artificial blood vessel construct is one that has a compliant tubular core with circumfer-
entially aligned smooth muscle cells (SMCs). Obtaining this well-aligned pattern of SMCs on a scaffold is
highly beneficial as this cellular orientation preserves the SMC contractile phenotype. We used 3D pat-
terning to create channels on a polycaprolactone (PCL) scaffold; SMCs were then found to be aligned
within the microchannels. To preserve this alignment, and to provide a protective coating that could fur-
ther incorporate cells, we evaluated the use of two hydrogels, one based on poly(ethylene glycol) diacry-
late (PEGDA) and the other based on gelatin. Hydrogels were either physically coated on the PCL surfaces
or covalently linked via suitable surface modification of PCL. For covalent immobilization of PEGDA
hydrogel, alkene groups were introduced on PCL, while for gelatin covalent linkage, serum proteins were
introduced. It is, however, crucial that the hydrogel coating does not disrupt the cellular patterning and
distribution. We show in this work that both the process of coating as well as the nature of the coating are
critical to preservation of the aligned SMCs. The covalent coating methods involving the crosslinking of
hydrogels with the surface of PCL films promoted hydrogel retention time on the film as compared with
physical deposition. Furthermore, subsequent hydrogel degradation is affected by the components of the
cell culture medium, hinting at a possible route to in vivo biodegradation.
Statement of Significance
Surface features control cellular orientation and subsequently influence their functionality, a useful effect
for cellularized biomedical devices. Such devices also can benefit from protective and cell friendly hydro-
gel coatings. However, literature is lacking on the fate of cells that have endured hydrogel coating whilst
orientated on a biomaterial surface. In particular, elucidation of the cells ability to remain adherent and
orientated post hydrogel addition. Coating requires two procedures that may be deleterious to the orien-
tated cells: the surface pretreatment for gel binding and the hydrogel crosslinking reaction. We compare
transglutaminase gelatin crosslinking and UV initiated PEGDA crosslinking, coated onto smooth muscle
cells orientated on patterned PCL surfaces. This original study will be of considerable use to the wider
biomaterials community.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Hydrogel coating of polymer scaffolds is a common approach to
combine the advantages of scaffold’s structural properties with the
biocompatible environment of a hydrogel. Due to the strong water
association, hydrogels possess attractive properties for biological
applications, such as high biocompatibility, resistance to proteinadsorption, softness and high diffusion rate of dissolved molecules.
However, hydrogels are in general mechanically weak (low modu-
lus, low tensile strength) for load-bearing applications. By applying
a thin hydrogel coating on the surface of a material with suitable
bulk properties, it may be possible to enhance the properties and
usefulness of hydrogels, without of sacrificing other necessary
material properties. Hydrogel coatings have been exploited in a
wide range of applications, including cardiac tissue engineering
(TE) [1,2] and the development of blood contacting medical devices
[3]. In the latter case, hydrogel surface coatings minimize blood
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[4,5], or to promote host cell growth on the device [6].
Here we examine the use of a hydrogel to coat a cellularized
vascular bypass prosthesis (Fig. 1a). For such an implant a hydrogel
coating can reduce friction damage with surrounding tissue and
also prevent denudation of externally seeded cells [7]. Furthermore
the addition of a hydrogel can be used to seal any possible leaks
caused by suturing [8].
We selected polycaprolactone (PCL) to fabricate a potential cell
seeded vascular prosthesis as this polymer has been successfully
used clinically and its application has been frequently discussed
in literature [9,10]. Currently, we are able to pattern the outer sur-
face of PCL conduit tube with printed circumferential features to
create grooves that orientate vascular SMCs seeded on the surface
(Fig. 1b and c). Here we report the characterization of hydrogel sys-
tems for coating PCL and the effect of the procedure on the surface
coverage of SMCs.
The hydrogels assessed here are poly(ethylene glycol) diacry-
late, whose gels are frequently applied as an anti-biofouling hydro-
gel [4], and gelatin, which, in common with other naturally derived
proteins, i.e. collagen, laminin etc is commonly used to improve
the biocompatibility of biomedical materials [11,12]. Gelatin is also
well immunotolerated when implanted as compared to collagen
[12]. Recently, the two were combined in a patterned poly(ethy-
lene glycol) (PEG)-gelatin methacrylate (GelMA) hydrogel that
was fabricated and coated on glass microscope slides to enhance
the attachment and elongation of endothelial cell [3]. However,
this study represents the common approach of post gelation cellFig. 1. (a) Scheme used for SMC seeding and hydrogel coating of a PCL vascular prosthe
Seeded SMCs circumferentially aligned by features on PCL conduit. Images of (d) castedseeding. In this case, the PEG-GelMA hydrogel required UV expo-
sure for 12 h for complete curing, the deleterious effects of which
make it unsuitable for incorporating viable cells.
Recent doctrine in tissue engineering identifies the need for
delivering a construct of matrix materials and viable cells for com-
plete tissue function. Several cell types benefit from orientated pat-
terning in order to influence differentiation towards a desired
phenotype for better mimicry of the native materials [13]. Indeed,
for SMCs, the aligned orientation preserves the vasoactive contrac-
tile phenotype as required for tissue engineered blood vessels
rather than the pro-inflammatory secretory phenotype associated
with randomly aligned SMC [14,15]. Therefore, the protective
hydrogel coating process should be sufficiently benign as to lami-
nate without causing cellular damage whilst retaining the cell pat-
terning. Thus, covalent hydrogel coatings that utilize harsh
processes, such as organic solvents or extreme physical conditions
(heat or radiation) in order to generate chemical binding, are cer-
tainly unsuitable.
The mild physical hydrogel coating techniques (such as dip-
coating) remain prominent, due to its relative simplicity and cell
compatibility, despite the known poor binding strength between
the hydrogel and the device surface [1,16]. Hence methods of fab-
ricating robust hydrogel coatings that are non-toxic and cytocom-
patible are of great interest. Furthermore, the cell distribution and
morphology at the hydrogel/scaffold interface lacks sufficient
investigation, so that little is known about any disruption to cells
attached on scaffold surface during hydrogel coating and
crosslinking.sis. (b) 4 mm diameter PCL conduit coated with PCL features for SMC alignment. (c)
PCL film; and (e) casted PCL film with 3D printed PCL aligned features.
Fig. 2. Scheme diagram of the experimental design for PCL surface patterning, modification, cell seeding and hydrogel coating.
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of covalent gelatin and PEGDA hydrogel coatings, onto PCL sub-
strate, which were preseeded with SMCs in aligned patterns. Both
gelatin and PEGDA were crosslinked to surface modified PCL films
based on a ‘graft to’ method. As shown in Fig. 2, initial surface mod-
ifications on PCL films introduced functional groups compatible to
the corresponding hydrogel, i.e. protein units for gelatin and alkene
for PEGDA, to provide FBS-PL-PCL and FBS-AC-PL-PCL substrate
respectively.
In order to determine the hydrogel coating effect on SMC mor-
phology and migration, 3D printing was employed to create PCL
microchannels on PCL films to induce the aligned SMCs. These
films were utilized to model the SMC seeding on a tubular vascular
prosthesis, and were designated as ‘‘PCL substrates” (Fig. 1d and e).
Subsequently, gelatin and PEGDA were coated onto modified PCL
film, then crosslinked and immobilized by transglutaminase (TG)
and UV treatment respectively. Hydrogel attachment and swelling
on PCL substrates were studied and compared with those of
physically-coated gelatin and PEGDA hydrogels. In addition, viabil-
ity, morphology and migration of SMCs seeded on pre-treated PCL
substrates (patterned and unpatterned) were evaluated before and
after hydrogel coating.2. Materials and methods
2.1. Materials
Gelatin (Bloom 300, type A), Polycaprolactone (PCL,
Mw = 45,000–90,000 Da), chloroform, acrylic chloride (AC), were
supplied by Sigma–Aldrich (St. Louis, MO).
2.2. PCL surface modification
2.2.1. PCL and 3D printed PCL substrates
PCL films were prepared by melt pressing. Briefly, PCL pellets
(3 g) was pressed using the Series NE automatic hydraulic press
(Carver) with a force of 1500 lbs at temperature of 75 C for
10 min. For the 3D printing, the pattern was designed using a co-
ordinate system software and created using a 2300 N desktop
robot (SANI-TECH). PCL solution (18%) was prepared by dissolving1.8 g of PCL in 1 mL of chloroform. This solution was stirred over-
night at room temperature to ensure complete homogeneous dis-
solution. Subsequently, the PCL lines were dispensed on the
surface of a melt cast PCL film to give the designed pattern
(Fig. 1d). The dispensing pressure used was 0.3 MPa, the robot
arm speed was 10 mm/s and 160micron inner diameter nozzle
tip was used.
2.2.2. Sterilization
PCL substrates were sterilized by soaking in 95% ethanol for 2 h
then dried in a biosafety cabinet (BSC) overnight before further
treatments.
2.2.3. Plasma activation of PCL substrates
Oxygen plasma treatment was performed on PCL and 3DPCL
substrates with a plasma generator consisting of PDC-32G and
PDC-FMG Plasmaflo (Harrick Plasma, Ithaca, New York, USA). The
substrates were exposed to pure oxygen gas under plasma input
power of 100 W for 1 min.
2.2.4. Fetal bovine serum (FBS) immobilization for protein cross linking
to PCL surfaces
Following plasma activation, the scaffolds were immediately
placed in FBS solution and soaked for 2 h to give FBS-PL-PCL and
FBS-PL-3DPCL substrates. The pristine PCL substrates were soaked
in FBS for 2 h as physical treatment control (FBS-PCL). Subsequently,
the substrates were washed three times in PBS prior to
experimentation.
2.2.5. Acrylic chloride (AC) treatment introduction of alkene groups on
PCL surface
A petri dish containing 1 ml of acrylic chloride (AC) was placed
in a desiccator. The plasma treated PL-PCL substrate (both feature-
less and 3D-printed) was placed above the petri dish, with the trea-
ted surface facing the AC solution. Vacuum was applied to
evaporate AC at room temperature. PL-PCL substrate was incu-
bated for 15 min under AC fumes to allow the reactivity. After
the AC treatment, the AC-PL-PCL scaffold was immersed in FBS
solution for 2 h. The treated substrate was washed three times in
PBS before prior to experimentation.
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Human fetal SMCs were purchased from Lonza Bioscience
(Singapore) and expanded in SMCs growth medium (SmGM-2TM,
Lonza Bioscience) in humidified atmosphere at 37 C with 5% of
CO2 and used at approximately passage 4–6 for experimental stud-
ies. Surface modified substrates were cut into discs of 15.6 mm
diameter to fit 24 well cell culture plates and weighted with metal
rings. SMCs were seeded onto the substrates at a concentration of
8  104 cells in 500 ll.
SMCs were cultured under four distinct substrates conditions,
including (I) FBS treated PCL substrate with no plasma activation
(FBS-PCL); (II) FBS treated plasma activated PCL substrate (FBS-
PL-PCL); (III) FBS immobilized plasma activated 3DPCL substrate
(FBS-PL-3DPCL); (IV) FBS soaked, acrylic chloride immobilized,
plasma activated 3D-PCL substrate (FBS-AC PL-3DPCL).2.4. Hydrogel coating
2.4.1. Gelatin hydrogel immobilization on FBS-PCL, FBS-PL-PCL and
FBS-PL-3DPCL substrates
A gelatin (5 wt%) solution was prepared in phosphate buffer sal-
ine (PBS) and heated to 40 C for 30 min to give a homogeneous
gelatin solution. Transglutaminase (TG: Ajinomoto) was then
added into gelatin solution to give 3 wt% of TG solution, which
was immediately sterilized by passing through a filter with pore
size of 0.2 lm. The subsequent solution was transferred into each
well on the SMCs pre-seeded substrates at 200 lL/well. The sub-
strates were then incubated at 4 C for 10 min before the addition
of 500 lL SmGM-2TM media into the well at room temperature.2.4.2. PEGDA hydrogel coating on FBS-PCL and FBS-AC-PL-3DPCL
substrates by free-radical crosslinking method
The PEGDA hydrogel precursor was prepared by mixing 5% w/v
of PEGDA in PBS solution with 0.1% v/v photoinitiator solution
made from 10% w/v Irgacure 2959 (Ciba Specialty Chemicals) in
70% ethanol. The precursor solution was filter sterilized before
placing on top of the substrate (0.2 mL/substrate). The hydrogel
precursor was crosslinked using long-wave UV (365 nm, 4–5W/
cm2) light-activated initiation for 5 min. This induced a radical
reaction between acrylate end groups on hydrogel and FBS-AC-
PL-PCL scaffold. The reaction thus, formed chemical linkages
between scaffold and hydrogel.2.5. Physicochemical characterization and biocompatibility evaluation
of the surface modified scaffold
2.5.1. Morphological assessment of 3D printed PCL substrate (3DPCL)
The surface features of 3D printed substrate were analyzed
using an inverted optical microscope (Nikon Eclisep TE2000-S).
The samples were placed on a petri dish with the features facing
downward for imaging. Mean width of the printed cell aligning
features were determined by measuring independent fibers using
Image J software (n = 50).2.5.2. Chemical composition of surface modified PCL scaffolds
The chemical composition of the surface of FBS-PL-PCL and FBS-
AC-PL-PCL were analyzed by XPS and compared with that of FBS-
PCL. XPS was performed on a Kratos Axis Ultra instrument using
monochromated Al Ka radiation, a 5 mA emission current, a
15 kV anode potential, and a charge-compensating electron flood.
The take-off angle of the photoelectron analyzer was 90 to iden-
tify C, N, and O elements.2.5.3. Biocompatibility evaluation of surface modified substrates (FBS-
PCL; FBS-PL-PCL FBS-AC-PL-PCL)
The viability of SMCs cultured on the surface of the substrates
was determined by measuring the amount of double stranded
DNA (dsDNA) with PicoGreen assay at day 1 and day 4. Dead and
detached cells were removed by complete aspiration of the culture
medium then washing thrice with PBS. Remaining adherent cells
were lysed through gentle agitation in Triton X-100 solution
(0.1% v/v). Subsequently, 100 ll of PicoGreen working solution
was mixed with 100 ll aliquots of the cell lysate. Fluorescent
intensity was measured from black 96-well flat plate using Infinite
200 microplate reader (Tecan Inc., Männedorf, Zurich, Switzerland)
with excitation/emission wavelength of 480/520 nm.
2.6. Physicochemical Properties of surface coated gelatin and PEGDA
hydrogels
2.6.1. Swelling ratio of hydrogel coating
To study the swelling profile of hydrogels deposited on PCL
films, samples with both physically-coated (Gelatin-FBS-PCL and
PEG-FBS-PCL) hydrogels as well as chemically attached hydrogels
(Gelatin-FBS-PL-PCL, PEG-AC-PL-PCL) were prepared with same
dimensions and volume of hydrogel. These coated samples were
transferred into a 12 well plate. The gel swelling was evaluated
in two media: PBS and Dulbecco’s modified eagle’s medium with
addition of 10% of FBS (cDMEM), at 37 C under shaking condition.
The medium was changed every three days.
Over the course of 3 weeks, the weight of samples with swollen
hydrogel that remained attached on the films (WS) was measured.
The dry weights (WD) of lyophilized hydrogel on the films were
measured immediately after the crosslinking reaction. The weight
of PCL filmwas measured before hydrogel coating asW0. The swel-
ling ratio (SR) of hydrogels attached on top of the scaffolds was cal-
culated by the equation: SR = (WS WD)/(WD W0) (N = 3 for
each time point).
2.6.2. Swelling ratio and degradation of hydrogels
Hydrogels were crosslinked and lyophilized. The dry weights
(Wd) were measured. Dried hydrogel samples were immersed in
2 mL of PBS or cell culture medium at 37 C (pH 7.4) to reach equi-
librium swelling state under shaking condition. The solvents were
replaced every three days. Over the course of 1 month, samples
(N = 3) were removed, rinsed with DI water and the swollen mass
(WS) was measured. The standard mass swelling ratio based on
hydrogel mass was calculated as follows:
qm ¼ WS=Wd:
WhereWS is the hydrogel mass after swelling andWd is the dry
hydrogel mass. The dried hydrogel samples (N = 3) were weighted
(Wi) and incubated in PBS or cell culture medium at 37 C for
in vitro degradation testing. At predetermined time points, the
samples were removed, rinsed with DI water, lyophilized and
weighed (Wd). The present mass loss was calculated by:
(Wi Wd)/Wi  100 (N = 3 for each time point).
2.6.3. Hydrogel delamination studied by a kink test
Hydrogel coated films: Gelatin-FBS-PL-PCL, PEG-AC-PL-PCL
(covalent coating) and Gelatin-FBS-PCL and PEG-FBS-PCL (physical
coating) were immersed in cell culture medium at room tempera-
ture under shaking condition for 4 days. Following the shaking, the
morphology of the remaining hydrogels was then recorded. Subse-
quently a kink assay was performed on hydrogel covalently coated
PCL, by flexing the edges of the PCL film, up and downwards to
assert a delaminating force at the interface between hydrogel
and films to test the binding strength.
Table 1
Summarization of surface patterning and modification schemes.
Scaffolds Descriptions
PCL Casted PCL scaffold
3DPCL Casted PCL scaffold with 3D printed PCL aligned fibers
PL-PCL Plasma activated PCL scaffold
AC-PL-PCL Acrylic chloride treated plasma activated PCL scaffold
FBS-PCL PCL scaffold without surface treatment, soaked in FBS for 2 h
FBS-PL-PCL Plasma activated PCL scaffold, soaked in FBS for 2 h
FBS-AC-PL-PCL Acrylic chloride treated, plasma activated PCL scaffold,
soaked in FBS for 2 h
Gelatin-FBS-
PCL
Gelatin, physically coated PCL scaffold
Gelatin-FBS-
PL-PCL
Gelatin, covalently coated PCL scaffold
PEG-FBS-PCL PEGDA, physically coated PCL scaffold
PEG-FBS-AC-
PL-PCL
PEGDA, covalently coated PCL scaffold
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The morphology of SMCs on PCL substrates before and after
hydrogel coating was studied by confocal microscopy. SMCs were
fixed in 4% (w/v) paraformaldehyde solution at room temperature
for 30 min followed by three washes in PBS. Cell membranes were
permeabilized with 0.1% of Triton X-100 solution for 15 min fol-
lowed by 3 washes in PBS. Cell nuclei and F-actin were stained
with DAPI (40,6-diamidino-2-phenylindole) and rhodamine phal-
loidin, respectively. For hydrogel coated substrates, hydrogel was
cut off from the films. SMCs attached on scaffolds and migrated
into hydrogels were imaged separately via a confocal microscopy
(Leica, Wetzlar, Germany).
The migration ratio of SMCs were evaluated after 14 days of cul-
ture using WST-8 assay (Dojindo Molecular Laboratories Inc.,
Kumanoto, Japan) for metabolic activity. The medium was aspi-
rated and samples were washed three times in PBS. The hydrogel
layer was cut away from the PCL substrate, and each layer trans-
ferred into separate wells of a 24 well plate, to which 500 lL.
WST-8 reagent (1:10 dilution in complete media), was added to
each well. The reaction was incubated for 3 h at 37 C and 5%
CO2, then 100 lL aliquots of each reaction mixture were trans-
ferred onto a fresh 96 well plate. Absorbance readings were mea-
sured at 450 nm using a plate reader and recorded as absorbance
of hydrogel (Ab (hydrogel)) and absorbance of substrate (Ab(sub-
strate)). As controls, readings taken from cell free substrates and
hydrogel were also recorded and designated as (Blk (substrate))
and hydrogels (Blk (hydrogel)) respectively. The ratio of cells hav-
ing migrated within the hydrogel layer to those retained on the
substrate surface were calculated by following equation:
Migration ratio ¼ ðAbðhydrogelÞ  BlkðhydrogelÞÞ=½ðAbðhydrogelÞ
 BlkðhydrogelÞÞ þ ðAbðsubstrateÞ
 BlkðsubstrateÞÞ  100Table 2
Summarization of the hydrogel surface coating systems.
Hydrogel Scaffold Crosslinker Functional
groups
Crosslinking
Gelatin FBS-PL-PCL Transglutaminase Ɛ-amino
groups
4 C for 10 min
PEGDA FBS-AC-PL-PCL Irgacure 2959 Alkene
groups
UV at 365 nm for
5 min2.8. Statistical analysis
All data are expressed as means ± standard deviation. Statistical
differences are determined with Student’s t-test and differences
are considered statistically significant at p 6 0.05.
3. Results and discussion
3.1. Hydrogel coating strategy
In this work, 3D printing was used to create a thin layer of PCL
cell orientating micro-channels on a melt cast PCL film (Fig. 1d)
with channel width of 100 lm, feature width of 160 lm, and
height of 20 lm with non-patterned PCL film used as a non-
pattern control (Fig. 1e). Strategies to coat the cell seeded sub-
strates with protective hydrogels were then tested.
In this work, gelatin and PEGDA were designed to coat the sur-
face of these PCL substrates based on a ‘graft to’ manner, for which
hydrogel precursors were deposited on the surface of the sub-
strates, and crosslinked with functional groups immobilized onto
the surface of the PCL(Fig. 2). Hence, the surface modifications
were performed to enable this interaction and summarized in
Table 1. For the first treatment, protein molecules were introduced
onto the substrate by a simple two step reaction: plasma activation
(PL-3DPCL and PL-PCL) followed by FBS soaking (FBS-PL-3DPCL
and FBS-PL-PCL, Fig. 3a). Therefore, substrate and hydrogel were
crosslinked though a transglutaminase (TG) bridged reaction. The
second treatment for PEGDA coating involved the induction of
alkene groups to assist the corresponding PEGDA crosslinking by
the reaction between plasma activated PCL substrate and alkyl
chloride at room temperature, according to the scheme shown inFig. 3a. The substrates were then transferred into FBS solution to
introduce protein coating (FBS-AC-PL-3DPCL and FBS-AC-PL-PCL).
To create a non-covalent coating control, proteins were allowed
to adsorb onto the non-plasma activated PCL substrate to give
FBS-PCL. Under the microscopic examination, no discernable dif-
ferences in surface morphology were observed following the vari-
ous treatment regimens (data are not shown).3.2. Surface physicochemical characterization of PCL substrates
The gelatin hydrogel was enzymatically crosslinked and immo-
bilized on FBS-PL-PCL substrate using TG (Table 2), through
enabling the formation of isopeptide bonds. The efficiency of the
reaction is dependent on the accessibility to the TG of the target
amino acid groups in gelatin and the surface of FBS-PL-PCL sub-
strate. Whereas, the crosslinking reaction of PEGDA was catalyzed
by a U.V. light initiated addition reaction of alkenes (Table 2),
hence, surface C@C bonds were induced by the reaction between
free oxygen radical and the highly reactive acryl chloride
(Fig. 3a). To confirm these assumptions and to further characterize
their effects, the modified surfaces were examined by X-ray photo-
electron spectroscopy (XPS).
The immobilization of protein and C@C bonds on the PCL sur-
face were confirmed by XPS characterization of the elements
(Fig. 3b and c). The peak corresponding to N1s appeared on the
spectra was assigned to C–N bond, which reflected the amount of
surface immobilized protein. Based on the intensity of the corre-
sponding C–N peak, amount of surface available protein was found
to follow this trend: FBS-PL-PCL > FBS-AC-PL-PCL > FBS-PCL.
The highest protein density detected on FBS-PL-PCL may be due
to the reaction with the abundant oxygen radicals introduced by
plasma activation, leading to more widespread immobilization of
the protein. The barely noticeable C–N signal on the curve of
FBS-PCL is indicative of weak and easily removable interactions
between protein and PCL scaffold generated by physical adsorp-
tion. In the region of C1s (Fig. 3c), the new peak centered at
288 eV of sample FBS-AC-PL-PCL were assigned to C@C bond, sug-
gesting a large number of available C@C bonds on the surface.
Fig. 3. (a) Illustration of various steps for protein surface modification and alkyne surface modification; (b) surface protein concentrations of surface modified scaffolds; (c)
surface available C@C groups’ concentrations.
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Gelatin and PEGDA were subsequently coated on the surface
modified PCL substrates by simply depositing hydrogel precursor
onto the surface of the PCL followed by the crosslinking reaction.
The coating stability Gelatin and PEGDA was evaluated by direct
observation as well as by a swelling test. All physically coated gela-
tin and PEGDA samples were readily delaminated from the PCL
substrates after soaking in cell culture medium for 4 days with
shaking (Fig. 4a). In comparison, covalently grafted gelatin and
PEGDA hydrogels were firmly bound onto the PCL, even when
the scaffold were kinked (Fig. 4a). From Fig. 4b and c, both PCL
bonded gelatin and PEGDA displayed rapid swelling in PBS and
cDMEM. Photocrosslinked PEGDA exhibited much greater swelling,
which was about 3-fold to that of gelatin. Mass loss was observed
for both gelatin and PEGDA coated on PCL substrates, however, it
was most profound for the physically-coated hydrogels
(Fig. 4b and c). Indeed, it was noticeable that the chemical coatings
largely prolonged the hydrogel retention time (2–4 times) on the
scaffolds compared with physical coating, regardless of hydrogeltype. Furthermore, it was observed that the swelling of hydrogels
chemically crosslinked onto the PCL was more restrained, com-
pared with the corresponding physical coating, due to the stronger
covalent bonding with the polymer substrates.
Lastly, the hydrogel stability varied with the storage medium
type: PBS, and cDMEM. Chemically-coated gelatin lasted for about
14 days on PCL substrate in cDMEM, but only 10 days in PBS. The
reverse was true for chemically coated PEGDA, in that its hydrogel
was more stable in PBS compared to cDMEM. This observation
motivated further investigation into the swelling and degradation
of the hydrogel, without going through the coating process. From
Fig. 4d–f, the change in swelling ratio of both hydrogels exhibited
a similar trend as observed for hydrogel mass loss. The mass loss
(%) of gelatin and PEGDA hydrogels over time was determined as
a measure of degradation (Fig. 4d and f). Gelatin displayed a faster
degradation in PBS with 100% mass loss at 3 weeks compared to
about 20% in cDMEM. There are several mechanisms that may be
at play: firstly, independent of the transglutaminase activity, PBS
contains monovalent ions whereas the cell culture medium con-
tains both mono and divalent ions.
Fig. 4. Top panel (a) Polymer:hydrogel interaction assessed by kink testing. Images of gelatin and PEGDA coated PCL scaffolds, taken immediately after gel coating and after
4 days incubation in cDMEM under shaking condition; Medium panel (b and c) characterization of the swelling behavior of gelatin and PEGDA coated on PCL scaffolds,
measured in 3 weeks’ time under shaking in (b) PBS and (c) cDMEM; Bottom panel (d–f): (d and e) degradation and (f) swelling of gelatin and PEGDA hydrogels in PBS and
cDMEM. Data represent means ± SD (nP 3).
Fig. 5. Viability of SMCs after 1 and 4 day cultured on surface modified PCL
scaffolds, measured by PicoGreen assay. Data represent means ± SD (nP 3).
Statistical significance between samples at each day was analyzed by 1-way
ANOVA (***p < 0.001).
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physical hydrogels in the presence of divalent CaCl2 than the
monovalent NaCl and KCl. Moreover, as the serum proteins are also
substrates for TG, they may integrate into the hydrogel and further
improve the stability of gelatin in cDMEM. Interestingly serum
proteins crosslinked by TG have been used to construct resilient
cytocompatible scaffolds for tissue engineering on their own
[18]. Conversely, the degradation of PEGDA hydrogel was more sig-
nificant in presence of DMEM (100% of mass loss at day 14) than
PBS (Fig. 4e). From Fig. 4e and f, PEGDA hydrogels experienced sig-
nificantly increased swelling for the first several days, followed by
greater rate of degradation in cDMEM, compared with that incu-
bated in PBS, indicating progressive degradation [19]. This result
indicated that serum in cDMEM, accelerated the degradation or
hydrolytic de-esterification process of PEGDA. Previously, [20]
demonstrated the degradation of PLGA copolymer was reportedly
enhanced in BSA solution as compared to saline. The accelerated
degradation of PEGDA hydrogel in the presence of serum albumin
(100% within 2 weeks) indicated that it may not be suitable for
long term serum contacting applications, despite its recognized
stability in PBS or DI water [21,22].
3.4. Biocompatibility of surface modified PCL substrates
In this work, we pioneer the use of immobilized FBS for protein
surface modification. FBS is a serum widely used as a supplement
of cell culturemedium,becauseof its richprotein content, to support
cell viability. We therefore hypothesized that serum coating willprovide for both increased cell attachment to the PCL substrate
and suitable sites for gelatin binding mediated by TG. The first part
of the hypothesis was supported by the viability results of SMCs
seeded on the surface modified PCL substrates. From Fig. 5, SMC
number attached on FBS-PL-PCL was considerably higher than cells
seeded on FBS-PCL and FBS-AC-PL-PCL for days 1 and 4. The cell
numbers on FBS-AC-PL-PCL were comparable to those on FBS-PCL.
The highest viability of SMCs cultured on FBS-PL-PCL in Fig. 5
showed unequivocally that the covalently bonded, surface available
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The relatively low cell number in FBS-AC-PL-PCL, despite the greater
surface protein density compared with that of FBS-PCL, may be
related to its hydrophobic surface. It was found that the hydropho-
bicity of the PCL surface increased after acrylic chloride treatment,
due to the grafting of a C@C bonds (data not shown).
3.5. SMC morphology and distribution
The morphology of SMCs on surface modified PCL and 3DPCL
substrates was observed by DAPI nucleus and phalloidin F-actin
staining before and after hydrogel coating (Fig. 6). It was immedi-
ately noticed that the 3-D PCL surface (Fig. 6f and g) achieved a
greater SMC coverage than the PCL film (Fig. 6a and b). This effect
maybe due to the greater ability for cells to establish focal adhe-
sion points on the patterned surface rather than plain one. How-
ever, the contractile phenotype promoted by the aligning
features has a greater expression of integrin molecules than the
secretory (and migratory) phenotype promoted by the plain sur-
face [23,24]. It may well be the case that the integrins expressed
by the contractile SMCs confer better attachment strength than
that of the secretory, SMCs during handling and treatment of the
cellularized surfaces.
It was observed that the microfilaments of SMCs on 3DPCL film
were partially aligned with uniform anisotropic cellular organiza-
tion after 4 days of culture (Fig. 6f). However, the microfilamentsFig. 6. Phalloidin labelled F-actin (red), DAPI nuclear staining (blue) and overlaid fluoresc
with no surface patterning, before (a) and after (b and c) hydrogel coating. (d and e) SM
before (f) and after (g and h) hydrogel (gelatin and PEGDA) coating. (i and j) SMCs penetra
colour in this figure legend, the reader is referred to the web version of this article.)of SMCs appeared disordered and scattered in all directions on
the plain melt cast PCL film (Fig. 6a). This is attributed to the pat-
terned topography providing guidance for cell attachment and
cytoplasm arrangement [25] on the 3DPCL substrate.
The width of the channels printed on the 3D PCL at 100 lm
were substantially greater than that of the seeded SMCs (approxi-
mately 10 lm), yet the cells positioned in the middle of the chan-
nels were also elongated and aligned. This effect has been viewed
previously in channels from 40 to 160 lm fabricated from polyca
prolactone-r-l-lactide-glycolide [14,26]. The effect became more
pronounced as the cells became confluent which may indicate that
the cells closer to the channel wall guide the cells the center of the
channel [26].
Subsequently, hydrogels were coated and the morphology and
distribution of SMCs were observed. There were a certain
amount of SMCs observed to have migrated within hydrogel
coatings after 4 days culture. However, SMCs remaining attached
on the polymer film retained their patterned orientation (i.e.
spread and alignment) on 3DPCL (Fig. 6g), and continued to be
randomly distributed on casted PCL film (Fig. 6b). Both the cyto-
plasmic volume and cell density were reduced in the cells
remaining on FBS-AC-PL-PCL substrate following PEGDA hydrogel
coating compared to the FBS-PL-PCL substrate following gelatin
hydrogel coating (Fig. 6c, h), which may also be attributed to
the hydrophobic nature of the polymer surface following alkene
functionalization.ent images of SMCs on PCL scaffolds. Top panel: SMCs seeded on casted PCL scaffold
Cs penetrated into hydrogel layers; Bottom panel: SMCs seeded on 3DPCL scaffolds,
ted into hydrogel layers (Scale bar = 30 lM). (For interpretation of the references to
Fig. 7. Percent of SMCs migrated into hydrogel layer after 14 days of culture,
quantified by WST-8 assay. Statistical significance between samples at each day
was analyzed by 1-way ANOVA (*p < 0.01).
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and could retain their elongated orientation following coating with
PEG-DA. The workers limited the examination of aligned SMCs
coated with PEG-DA to 48 h on a layered scaffold of micropat-
terned PCL films separated by an adhesive PEG-DA hydrogel. Yet
a considerable cell loss was detected after this time with SMCs
coated with the covalent PEG-DA alone (upper PCL layer) as also
observed in our study. It may be inferred the closer exposure of
these cells to the UV cross linking source may have a role in cell
loss. No examination of non-adherent cells suspended within the
hydrogel was performed in this study.
The SMCs that had detached from the PCL surfaces and sus-
pended in the hydrogels lost their original alignment, and were
randomly oriented. In the gelatin hydrogel the cells adopted a
more rhomboid morphology (Fig. 6d), while those inside the
PEGDA hydrogel appeared completely rounded morphology with
little cytoplasmic volume (Fig. 6e, j). The rounded morphology of
the SMCs suspended within the PEGDA hydrogel may be explained
by the ability of PEG to resist protein absorption and cell adhesion,
thus preventing the cells to form developing widespread integrin
adhesions that support cytoplasmic spread [28].
The long term fate of the SMCs that detach and then reside in
the hydrogel was examined after 14 days culture (Fig. 7) based
on the detection of metabolic active cells (WST-8). In general,
approximately 50% of total viable cells in the composite constructs
were located within the hydrogel (Fig. 7) regardless of hydrogel
type (gelatin/PEGDA) or coating methods (physical/chemical
coating).
This demonstrated that the gels do support cell proliferation,
and that cells detaching from the surface remain viable and do
not undergo anoikis. The surface seeded SMCs have reduced prolif-
erative activity associated with their elongated contractile mor-
phology, compared to the more rhomboid cells of the hydrogel,
hence the hydrogel population managed to match the density of
the surface attached cells after the 14 day incubation.4. Conclusion
For the first time methods of hydrogel coating cellularized vas-
cular prosthesis have been compared for their characteristics and
effect on the orientated alignment of preseeded SMCs. Patterned
PCL films with aligned SMCs were covalently coated with either
gelatin or PEGDA hydrogels. The characteristics of these hydrogels
and their effects on aligned SMCs were thoroughly investigated.
The SMCs, cultured on the patterned PCL substrates, preserved
their original alignment after being coated with either hydrogelover an extended incubation time. Moreover, SMCs detached from
the surface and suspended within the hydrogels did not sense the
patterning and were randomly distributed. Cell patterning influ-
ences cellular niches, and stem cell differentiation. [29]. The sub-
strate stiffness and topography affects cell morphology, skeletal
assembly and differentiation [29,30], hence the stiffer patterned
PCL can confer greater guidance to the cells than a hydrogel.
As mentioned above, it must be noted that in other hydrogel
coating studies, cells were generally seeded on hydrogel after gela-
tion [1,2]. In these cases, the cells are unable to sense the pattern-
ing on the PCL substrates, and therefore, cannot orientate to the
features. As yet, very few studies have attempted to elucidate the
influence of applying hydrogel coatings onto biomaterial surface
with patterned cell distribution as regards the cellular morphology,
orientation and distribution.
In this work, plasma was used to activate PCL films, while FBS
was used as the source of protein. Plasma treatment is a contempo-
rary biomaterial surface modification methodology, which is cost-
effective, easy-to-use, scalable and highly reproducible. Compared
with alkaline or acid activation, plasma only changes the surface
properties of the PCL film, and therefore had limited impacts on
the bulk properties of the materials. The plasma/FBS treated sur-
face conferred for superior cell adhering surface, resulting in better
cell coverage as compared to plasma/acrylic chloride/FBS PCL sur-
face. Subsequent hydrogel coatings did not change aligned orienta-
tion of SMCs adhering to the patterned scaffolds.
The covalent coating methods by crosslinking hydrogels with
surface of PCL substrates largely promoted hydrogel retention time
on the polymer film as compared to physical deposition. The TG
crosslinked gelatin hydrogel was more stable in the presence of
serum than PEGDA. Together with its simple coating method and
high cell compatibility, covalently-bound, gelatin coated PCL has
great potential for applications such as a heart patch and artificial
blood vessels, and is planned to be evaluated further in vivo.
We propose to apply the technology to a vascular prosthesis
below 6 mm in diameter. Currently used polymers (PTFE and
PET) function fine above 6 mm but fail below that due to material
compliance mismatch [31]. It is thought that a cellularized
biodegradable polymer conduit will act best as small diameter vas-
cular prosthesis, as the polymer will confer suitable mechanical
properties until the SMC are able to produce a vasoactive natural
like vessel, after which the polymer should degrade [32,33]. The
methods described here can readily generate constructs of approx-
imately 10 cm and 4 or 5 mm in diameter (data not shown).
The hydrogel systems both offer a similar range of elastic mod-
uli, 10–100s kPa [34,35], which is significantly lower than the
required to match the material compliance of a natural artery.
Hence the hydrogel will not be required to play a role in the
mechanical support and functioning of the prosthesis, instead the
hydrogel concentration was selected to perform as a protective,
cushioning and cell compatible environment for the SMCs [36–
38].The PCL and its polylactide caprolactone derivatives can pro-
duce a conduit tube with sufficient mechanical strength to perform
as a small diameter vascular prosthesis and allow for the optimiza-
tion to achieve sufficient compliance and kink resistance [39,40].
In summary, gelatin hydrogels are recommended as a coating
material suitable for cell seeded implantable devices based on
the following facts summarized in this study: (1) the simple and
easily applied a 3 step-process for gelatin immobilization/coating:
PCL activation by O2 plasma treatment, protein immobilization by
FBS soaking, and gelatin crosslinking by a simple deposition pro-
cess; (2) the superior cell attachment and proliferation on protein
immobilized PCL surface; (3) the biostability of gelatin in serum
containing medium; (4) the greater cytocompatibility of gelatin
hydrogel; (5) the retention of cells and their orientation on pat-
terned surface following hydrogel coating.
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